A thermophilic, anaerobic, spore-forming bacterium (strain JW/AS-Y6 T ) was isolated from a mixed sediment-water sample from a hot spring (Calcite Spring area) at Yellowstone National Park. The vegetative cells of this organism were straight rods, 0.4 to 0.6 by 3.0 to 6.5 m. Cells occurred singly and exhibited a slight tumbling motility. They formed round refractile endospores in terminal swollen sporangia. Cells stained gram positive. The temperature range for growth at pH 6.8 was 43 to 65°C, with optimum growth at 58°C. The range for growth at 60°C (pH 60C ; with the pH meter calibrated at 60°C) was 5.9 to 7.8, with an optimum pH 60C of 6.3 to 6.5. The substrates utilized included glycerol, glucose, fructose, mannose, galactose, xylose, lactate, glycerate, pyruvate, and yeast extract. In the presence of CO 2 , acetate was the only organic product from glycerol and carbohydrate fermentation. No H 2 was produced during growth. The strain was not able to grow chemolithotrophically at the expense of H 2 -CO 2 ; however, suspensions of cells in the exponential growth phase consumed H 2 . The bacterium reduced fumarate to succinate and thiosulfate to elemental sulfur. Growth was inhibited by ampicillin, chloramphenicol, erythromycin, rifampin, and tetracycline, but not by streptomycin. The G؉C content of the DNA was 54.5 mol% (as determined by high-performance liquid chromatography). The 16S ribosomal DNA sequence analysis placed the isolate in the Gram type-positive Bacillus-Clostridium subphylum. On the basis of physiological properties and phylogenetic analysis we propose that the isolated strain constitutes a new species, Moorella glycerini; the type strain is JW/AS-Y6 ‫؍(‬ DSM 11254 ‫؍‬ ATCC 700316).
Under thermobiotic conditions, a large number of anaerobic microorganisms utilize a variety of biopolymers, including proteins, cellulose, xylan, starch, pectin, and sugars (30) . Thermophiles involved in anaerobic degradation of lipids and of products of lipid degradation, such as long-chain fatty acids and glycerol, are less studied. A number of thermophilic sulfatereducing bacteria which can degrade long-chain fatty acids or glycerol have been isolated (18, 21) . Recently, Thermosyntropha lipolytica, the first lipolytic, anaerobic thermophile which utilizes the liberated short-and long-chain fatty acids, but not glycerol in syntrophic cocultures with a methanogen, has been described (24) . Among the thermophilic fermentative anaerobes Fervidobacterium nodosum (20) and Thermoanaerobacter wiegelii (4) utilize glycerol as a growth substrate; however, metabolic products and pathways of glycerol utilization for these organisms have not been reported.
In this paper we describe an anaerobic (eu)bacterial thermophilic bacterium, Moorella glycerini sp. nov., isolated from a hot spring at Yellowstone National Park, which utilizes glycerol as a growth substrate.
MATERIALS AND METHODS
Source of organism. The strain was isolated from a mixed sediment-water sample collected from a freshwater hot spring in the Calcite Spring area of Yellowstone National Park, Wyo., in September 1995. The temperatures at sampling points were 65 to 80°C, and the pH determined at 25°C, with the pH meter calibrated at 25°C (pH 25C ), was around 6.5. Media and cultivation. A basal medium used for enrichment, isolation, and cultivation was prepared by the modified Hungate technique (15) The pH was adjusted to 7.0 (at 25°C) with 10% (wt/vol) NaOH. The pH 60C of the autoclaved medium was 6.8 to 6.9.
Enrichment and pure cultures were usually grown in 10 ml of medium in Hungate tubes under a 100% CO 2 atmosphere. The medium was heat sterilized at 135°C for 30 min. All incubations were at 60°C unless noted otherwise.
Determination of growth. Growth of bacteria was determined by direct counting with a phase-contrast microscope and a Petroff-Hausser chamber (Hausser Scientific Partnership, Horsham, Pa.) and by measuring the increase in optical density at 600 nm with a Spectronic 21 instrument (Bausch & Lomb, Rochester, N.Y.).
pH, temperature, and NaCl concentration ranges. The pH range for growth was determined at 60°C. The pH 60C , measured at 60°C and adjusted with sterile stock solutions of HCl or NaOH, was determined with a model 815 MP pH meter (Fisher Scientific, Pittsburg, Pa.) that was equipped with a temperature probe and had been calibrated at 60°C. The temperature range for growth was determined by using a temperature gradient incubator (Scientific Industries, Inc., Bohemia, N.Y.) with shaking (15 strokes per min [spm]) in basal medium at pH 60C 6.8. The effect of NaCl on growth was determined in basal media containing 0, 0.5, 1.0, 1.5, and 2.0% (wt/vol) NaCl.
Substrate utilization. The ability of the organism to utilize different substrates was tested by using the basal medium amended with autoclaved or filter-sterilized substrates in lieu of glycerol. The potential for molecular hydrogen to serve as an electron donor was determined in 60-ml flasks containing 10 ml of medium and H 2 -CO 2 (80:20 or 5:95, vol/vol) in the gas phase. The cultures were incubated for 2 weeks, and substrate utilization was monitored by measuring growth and production of acetate. Cultures with molecular hydrogen were incubated for 60 days, and consumption of H 2 was monitored. Medium containing no H 2 or organic carbon sources except 0.05% yeast extract served as a control.
In experiments with cell suspensions, the cells were anaerobically harvested by centrifugation from cultures grown in basal medium, resuspended in 10 ml of basal medium without glycerol, and then incubated in Balch tubes filled with CO 2 (100%) with shaking (60 spm) at 58°C. The additions were as given in the text.
Electron acceptors. The potential use of different electron acceptors was studied in basal medium containing glycerol (30 mM Antibiotic susceptibility. Susceptibility to antibiotics was determined by transferring an exponentially growing culture into fresh basal media containing filtersterilized antibiotics at a concentration of 100 g/ml. The cultures were incubated for 2 weeks.
Microscopy. Routine examinations and cell counting were performed by light microscopy with a model PM 10AD microscope (Olympus Optical Co., Ltd, Tokyo, Japan) equipped with phase-contrast optics. Transmission electron microscopy was performed with a model JEM-100 CXII electron microscope (JEOL, Tokyo, Japan). The samples used for ultrathin sectioning were prepared by using uranyl acetate and lead citrate for poststaining as described by Spurr (23) . Gram staining was performed by the Hucker method (8) .
Analytical techniques. Determinations of glycerol, glucose, short-chain organic acids, and alcohols were performed by HPLC as previously described (24) . Molecular hydrogen was analyzed by gas chromatography (24) . Sulfide was determined by the method of Cord-Ruwisch (5).
G؉C content of DNA. The DNA was isolated and purified by the NaOH method described by Mesbah et al. (17) . The DNA was digested enzymatically, and the guanine-plus-cytosine (GϩC) content was determined by separating the nucleosides by HPLC as described by Whitman et al. (26) and Mesbah et al. (17) .
DNA extraction, sequencing, and analysis of 16S rRNA genes. Genomic DNA was extracted from cell pellets by standard methods (16) . The 16S ribosomal DNA (rDNA) was amplified by PCR as described previously (10) . The doublestranded PCR products were sequenced by using cycle sequencing and a model ABI 373 automated sequencer. The 16S rDNA sequences were aligned manually with a representative set of sequences obtained from the Ribosomal Database Project or from recent GenBank releases. The secondary structure was used as a guide to ensure that only homologous regions were compared. A total of 1,513 nucleotides were sequenced, and 1,302 nucleotides were used in the phylogenetic analysis. Chimeric molecules were checked for by using the secondary structure and computer analyses. Phylogenetic trees were constructed either by using evolutionary distance matrices and the algorithm of De Soete (7) or by performing a maximum-likelihood analysis with the program fastDNAml (19) . Bootstrap values were obtained for the maximum-likelihood analysis by using 100 replicate trees and random addition of sequence.
Nucleotide sequence accession number. The 16S rDNA sequence of strain JW/AS-Y6
T has been deposited in the GenBank database under accession no. U82327.
RESULTS

Enrichment and isolation.
The basal medium containing glycerol was inoculated with ca. 10% (vol/vol) of the sample and incubated at 60°C in the dark. After three subsequent transfers (10%, vol/vol), the enrichment culture was serially diluted to extinction. Light microscopic observation of the highest dilution tube positive for glycerol consumption (10 Ϫ7 ) revealed that the dominant organism was a spore-forming rod. This culture was transferred (10%, vol/vol) into fresh basal medium, autoclaved at 121°C for 10 min to kill the vegetative cells, and subsequently incubated at 60°C. After 2 weeks of incubation growth was obtained, and the culture was subsequently serially diluted to extinction into 1.5% Bacto Agarcontaining basal medium. Single colonies were picked and subcultured in liquid medium of the same composition. This procedure was repeated twice, after which the culture was considered to be pure and was designated strain JW/AS-Y6 T . Colony and cell morphology. In agar shake cultures colonies appeared after 3 or 4 days. The colonies were uniformly round, 1.0 to 1.5 mm in diameter, white, and not pigmented. The vegetative cells of strain JW/AS-Y6 T were straight rods, 0.4 to 0.6 m in diameter and 3.0 to 6.5 m long (Fig. 1A) . The cells occurred singly, were peritrichous, (Fig. 2a) , possessed fimbriae (Fig. 2b) , and exhibited a slight tumbling motility. Strain JW/AS-Y6
T formed round refractile endospores 1.0 to 1.5 m in diameter in terminal swollen sporangia which were 2.0 to 2.5 m in diameter. When the organism was grown in liquid basal medium, up to 5% of the cells sporulated during the late exponential phase (Fig. 1b) .
Gram-staining reaction and Gram type. The cells stained gram positive in both the exponential and stationary growth phases. Since ultrathin sectioning of strain JW/AS-Y6 T (Fig. 3 ) also revealed a thick peptidoglycan, the organism is considered Gram type positive (27) . This is consistent with the 16S rRNA sequencing data which placed the organism in the ClostridiumBacillus subphylum. The cells contained an S-layer of the tetragonal type with a center-to-center measurement of around 10 nm for the subunit (Fig. 2c) .
Temperature, pH, and NaCl concentration ranges. The temperature range at pH 60C 6.8 for growth of strain JW/AS-Y6 T was 43 to 65°C, with optimum growth occurring at 58°C (Fig.  4) . No growth was detected at 66°C or at temperatures of 42°C or lower after 3 weeks of incubation. The strain grew at pH 60C 5.9 to 7.8, and optimum growth occurred at pH 60C 6.3 to 6.5 (Fig. 5) . No growth was detected at pH 60C 5.7 and 8.0. Growth of strain JW/AS-Y6 T was observed in basal medium containing NaCl concentrations ranging from 0 to 2.0% (wt/vol), and no growth occurred in the presence of 2.5% (wt/vol) NaCl.
Substrate utilization and fermentation products. The substrates utilized included glycerol (40 mM), glucose ( In the presence of CO 2 , the only organic metabolic product of glycerol and glucose oxidation was acetate. Neither H 2 , CH 4 , C 1 -C 3 alcohols, diols, nor organic acids other than acetate were detected in measurable amounts in these cultures at all growth stages. The ratio of amount of acetate produced to amount of glycerol consumed was 1.54 Ϯ 0.08 (mean Ϯ standard deviation for five cultures) in cultures grown on basal medium. In cultures grown in medium supplemented with glucose (10 mM) in the absence of yeast extract, the ratio of amount of acetate produced to amount of glucose consumed was 2.31 Ϯ 0.09 (mean Ϯ standard deviation for five cultures). There was no growth of strain JW/AS-Y6
T if CO 2 and NaHCO 3 were omitted from the basal medium (pH 60C was adjusted to 6. Antibiotic susceptibility. Ampicillin, chloramphenicol, erythromycin, rifampin, and tetracycline completely inhibited growth at a concentration of 100 g/ml of medium. Streptomycin (100 g/ml) did not inhibit growth.
DNA base composition. The GϩC content of the genomic DNA was 54.5 Ϯ 0.4 mol% (as determined by HPLC).
Phylogeny. 16S rDNA sequence analysis indicated that strain JW/AS-Y6
T is a member of the Bacillus-Clostridium subphylum of the Gram type-positive (eu)bacteria (Fig. 6 ) and is closely related to Moorella thermoacetica (96.8%) and Moorella thermoautotrophica. Trees based on maximum-likelihood analyses and distance matrices were identical. The bootstrap value (100 of 100 samplings) confirmed the affiliation of strain JW/AS-Y6 T with the genus Moorella.
DISCUSSION
The thermophilic, anaerobic, endospore-forming bacteria are currently placed in the genera Clostridium, Desulfotomaculum, Thermoanaerobacter, Thermoanaerobacterium, Caloramator, and Moorella (3, 14, 29, 30) . The results of 16S rDNA sequence analysis show that the bacteria most closely related to strain JW/AS-Y6
T are members of the genus Moorella. Furthermore, strain JW/AS-Y6
T is similar to both validly described Moorella species on the basis of its cell morphology, tetragonal type of S-layer, temperature optimum for growth, moles percent GϩC content of DNA, and homoacetogenic nature. Strain JW/AS-Y6 T differs from M. thermoacetica and M. thermoautotrophica in a number of physiological characteristics ( Table 1 ). The most prominent differences are the ability of strain JW/AS-Y6
T to utilize glycerol, its inability to grow with H 2 -CO 2 , and its ability to reduce thiosulfate to elemental sulfur.
The data obtained suggest that the glycerol utilization by strain JW/AS-Y6 T could be described by the following equation (11, 25) :
.5 kJ/mol of glycerol). The genus Moorella was validly described by Collins et al. (3) . This description was based on descriptions of Clostridium thermoaceticum (12) and Clostridium thermoautotrophicum (28) and included chemolithoautotrophic growth on H 2 and CO 2 . C. thermoaceticum was originally described as a strict heterotroph, and it took 40 years to demonstrate that this organism possesses a hydrogenase (9), can utilize H 2 (13) , and can grow chemolithoautotrophically (6) . Besides that, not all strains of M. thermoacetica are able to grow chemolithotrophically; of 13 strains tested, 3 lacked the ability to grow on H 2 -CO 2 . However, all of the strains exhibited homoacetogenic fermentation of glucose (6) . In our hands, strain JW/AS-Y6 T did not grow chemolithoautotrophically at the expense of H 2 -CO 2 ; however, suspensions of cells in the exponential growth Absorbance was determined after 92 h of incubation; observed maximal cell densities were equivalent to an optical density at 600 nm of 0.220.
FIG. 5. Effect of pH
60C on growth of strain JW/AS-Y6 T at 60°C. Absorbance was determined after 92 h of incubation; observed maximal cell densities were equivalent to an optical density at 600 nm of 0.240. phase consumed H 2 . We propose that strain JW/AS-Y6 T should be assigned to the genus Moorella as a member of a new species, Moorella glycerini, which is not able to grow chemolithoautotrophically.
Description of Moorella glycerini sp. nov. Moorella glycerini (gly.ce.riЈni. Gr. adj. glykeros, sweet; M.L. adj. glycerini, of glycerol, referring to the utilization of glycerol as a substrate). Straight rods, 0.4 to 0.6 by 3.0 to 6.5 m, that form round endospores that are 1.0 to 1.5 m in diameter in large terminal swollen sporangia (diameter, 2.0 to 2.5 m). Cells stain gram positive. Cells occur singly and exhibit slight tumbling motility. Anaerobic and thermophilic. The temperature range for growth is 43 to 65°C, and the optimum temperature is 58°C. The pH 60C range for growth is 5.9 to 7.8, and the optimum pH 60C is 6.3 to 6.5. Growth occurs in the presence of NaCl concentrations of 0 to 2.0% (wt/vol). Able to grow with glycerol as the only organic carbon source; however, yeast extract stimulates growth. Utilizes glycerol, glucose, fructose, mannose, galactose, xylose, lactate, glycerate, pyruvate, and yeast extract. In the presence of CO 2 , acetate is the only organic product of glycerol and carbohydrate fermentation. H 2 production from glucose and glycerol is not observed. Not able to grow chemolithotrophically at the expense of H 2 -CO 2 ; however, suspensions of cells in the exponential growth phase consume H 2 . No growth occurs with sucrose, cellobiose, arabinose, acetate, formate, methanol, ethanol, n-propanol, i-propanol, n-butanol, propionate, acetone, fumarate, succinate, ethylene glycol, 1,2-propanediol, 1,3-propanediol, phenol, benzoate, olive oil, and starch. Reduces fumarate to succinate and thiosulfate to elemental sulfur, but does not reduce nitrate, MnO 2 , amorphous Fe(III) oxide, Fe(III) citrate, sulfate, sulfite, or precipitated or sublimed S 0 . Growth is inhibited by ampicillin, chloramphenicol, erythromycin, rifampin, and tetracycline at a concentration of 100 g/ml but not by streptomycin. The DNA base composition is 54.5 Ϯ 0.4 mol% GϩC (as determined by HPLC). The habitat is a freshwater hot spring (Calcite Spring area) at Yellowstone National Park, Wyo.
The type strain is JW/AS-Y6, which has been deposited in the German Culture Collection as strain DSM 11254.
